Abstract This study presents the results of the sorption performances for geosmin removal by sorption onto granular activated carbons (GAC) manufactured from different raw materials of coconut shell and bituminous coal. The surface of GAC was modified by chitosan coating. The 90% deacetylated chitosan flakes were used for coating on GAC with the GAC: chitosan ratio of 5:1. The surface of GAC was characterised by scanning electron microscope (SEM) analysis, Fourier transform infrared spectroscopy and measurement of the pH solution of GAC samples. The sorption of geosmin onto the chitosan for both uncoated and coated GACs could be described by the Freundlich adsorption model. Data revealed that the sequence of Freundlich constant (K F ) was chitosan coated bitominous coal (CB) . uncoated bituminous coal (UB) . chitosan coated coconut shell (CC) ø uncoated coconut shell (UC). The bituminous coal based GAC with chitosan coating had a maximum capacity of 23.57 mg/g which was approximately two-fold of uncoated bituminous coal based GAC. Two simplified kinetic models, pseudo-first order and pseudosecond order, were tested to investigate the sorption mechanisms. It was found that the intraparticle diffusion was a rate controlling step for the sorption and followed the pseudo-second order equation.
Introduction
Raw waters for human uses are now in shortage and some are contaminated with organic wastes and chemical substances. Treatment of raw waters is needed to meet the stringent standards in many countries. Activated carbon (AC) sorption is widely accepted as an advanced technology to remove many priority pollutants and also objectionable compound of odour from water. Geosmin and 2-methylisoborneol (MIB) are natural organic matters causing odour in the natural water. They dissolve in drinking water and give an unpalatable feeling. Application of activated carbon (AC), in powder or granular form, is widely used as an advanced treatment for control of earthy or musty odours for drinking water. However, granular activated carbon (GAC) is superior to powder form for carbon filter operation. The long operation of GAC filter can be achieved by selecting the proper adsorbent and design. In addition, the sorption of odorous compounds by AC are influenced by surface chemistry of adsorbent. Considine et al. (2001) stated that decreasing the surface oxygen content leads to an increase in the amount adsorbed and the enthalpy of MIB adsorption. Modification of AC surfaces is nowadays of interest due to the fact that modified activated carbon gives higher adsorption capacity than common AC. Therefore, it requires low amounts of AC leading to a decrease in the reactor size. Currently, chitosan is widely used as a sorbent for removal of transition metals, organic and inorganic matters because both amino (ÿNH 2 ) and hydroxy (ÿOH) groups on chitosan chains can serve as coordination and electrostatic interaction sites.
The aim of this study is to investigate the sorption performances of geosmin by GAC made of bituminous coal and coconut shell and the effect of a surface chemistry.
Methods Preparation of materials and chemicals
Chitosan gel solution. Chitosan produced from fresh shrimp shell wastes was supplied as flakes from S.K. Profishery Co., Ltd., Thailand. The chitosan flakes have 90% deacetylation and molecular weight of 50,000 -300,000. One gram of chitosan flake was dissolved in 100 mL of 1% (v/v) acetic acid solution, then the solution was stirred overnight. Figure 1 shows the unit molecular structure of chitosan.
Chitosan coated GAC. A commercial GAC produced from bituminous coal and coconut shell of each was sieved to a uniform size of 16 £ 30 mesh (0.7 mm). GAC were rinsed in deionised water and dried at 100 8C in an oven overnight. After cooling, it was kept in the glass bottle until used. The GAC particles were placed in an Erlenmeyer flask containing 1% (w/v) NaOH solution and the mixture were agitated at 150 rpm for 24 h. GAC particles were then filtered through filter paper and dried up. After that, they were placed into chitosan gel solution (AC: chitosan ratio of 5:1) and agitated at 150 rpm for 24 h. Then, they were rinsed with DI water until the solution was neutral and followed with air drying.
Buffer solution pH 7. The buffer solution pH 7 was used for all experiments. It was prepared by mixing 19 mL of 0.1 M citric acid and 81 mL of 0.2 M di-sodium hydrogenphosphate (Na 2 HPO 4 ).
Geosmin solution. Geosmin was purchased from Sigma Chemical Co., Ltd. at a concentration of 2 mg/mL in methanol. An odour stock solution was prepared by dilution geosmin to 1,000 mL with DI water to yield the concentration of 2 mg/L. The odour concentration in the range of 20-40 mg/L was prepared by dilution of the stock solution with buffer solution.
GAC characterisation analyses
Measurement of pH solution of the GAC samples followed the procedures of Al-deg et al. (2000) . The pH of solution was measured after agitation of 10 g of adsorbent in a buffer solution for 3 h.
The surface morphology of adsorbents was examined by using a scanning electron microscope (SEM) with Jeol JSM-6400 scanning microscope.
The characterisation of the surface functional group was determined by Fourier transform infrared (FTIR) spectroscopy with Perkin Elmer 1760X FT-IR spectroscopy. Agitation batch sorption experiments were performed to determine the sorption performances. All experiments were in triplicate and a control without GAC was also carried out to determine the loss of geosmin throughout experiments. The 25 mg of the adsorbent was placed in a 500 mL glass sealed bottle containing 500 mL of 20 mg/L geosmin solution to determine the equilibration time. The geosmin concentration in the range of 20-40 mg/L was used for sorption kinetics experiments. These concentrations were chosen to avoid analytical difficulties. Previous studies (Ng et al., 2002a, b) also used 10 mg/L for sorption studies and a saturated solution of geosmin was not generated because its solubility is 157 mg/L at 25 8C. The sorption isotherm was performed by varying the amount of adsorbent in the range of 5-100 mg in 500 mL solution with a constant initial geosmin concentration of 20 mg/L. Samples were agitated in an incubator shaker at 150 rpm and temperature of 30 8C. At the end of the mixing, the GAC particles were separated from the solution by filtration through GF/C filter paper. The solution was analysed for geosmin concentration. The amount of geosmin sorbed on an adsorbent at equilibrium (Q,mg/g) was computed as follows:
where C o and C e are the initial and equilibrium solution concentrations (mg/L), respectively, V is a volume of the solution (L) and W is the weight of GAC (mg)
Geosmin analysis
Samples for geosmin analysis were extracted from aqueous solution using dichloromethane extraction and analysed by gas chromatography (GC) equipped with a flame ionisation detector (FID) as described by Johnsen and Kuan (1987) . A GC-FID Shimadzu Model 14-N and a 60 m £ 0.32 mm I.D., 0.32 mm film thickness with AT-5 fused-silica capillary column was used with 200 8C injector temperature and 270 8C detector temperature. A GC temperature gradient from 100 8C (held for 5 min) to 210 8C (5 8C/min) followed by an increase to 250 8C (10 8C/min) and held for 20 min.
Results and discussion
Adsorbent surface observation Adsorbents in this research were composed of uncoated coconut shell based-GAC (UC), uncoated bituminous coal base-GAC (UB), coated coconut shell based-GAC (CC) and coated bituminous coal based-GAC (CB). Figure 2 shows the SEM micrographs of coated GAC and cross sections. It can be seen that GAC made from coconut shell has a porous structure which is smaller than GAC made from bituminous coal. The iodine numbers of UC and UB reported by the manufacturer are 1,257 and 850 mg/g, respectively. The high iodine number relates to the ability of AC to adsorb low molecular weight substances (Eckenfelder, 2000) . Coating GAC with chitosan found that chitosan can partially attach onto the GAC surfaces and shielded some of the opening pores. This may affect its physical sorption property. The cross section micrographs of coated GAC show the presence of fine particles (Figure 2 ). These particles may be a fraction of chitosan that penetrated into the inner site of GAC. The numbers of chitosan inside the GAC was found to be high in CB. This corresponds to the size of GAC pores. The IR-spectrums of coated GAC (figure is not shown) show higher peaks than uncoated GAC at the wavelength of 3,200-3,500 (NÿH stretch) 1,230-1,100(ÿCÿNÿ) and 1,120-1,030(ÿCÿNH 2 ). This means that GAC has an amino group from chitosan. The Freundlich sorption model, which is defined by equation (2), is used to describe the GAC sorption of geosmin by uncoated and coated GAC. This model is suitable to explain the AC sorption due to a heterogeneous surface of AC composed of different classes of sorption site:
where Q is the amount of geosmin sorbed on an adsorbent at equilibrium (mg/g), C e is the amount of geosmin remaining in solution at equilibrium (mg/L), K F is a measure for the sorption capacity, and 1/n is a sorption intensity. Figure 3 shows the comparison of sorption isotherms obtained from different adsorbents. Freundlich isotherm constants and correlation coefficient are shown in Table 1 . Data from isotherm plot at the equilibrium temperature of 30 8C revealed that the sequence of K F values for geosmin sorption was CB . UB . CC ø UC. The relative sorption capacities observed for the bituminous and the coconut shell based-GAC were consistent with those observed by Chen et al. (1997) that the bituminous carbon has highest sorption capacity for MIB, followed by peat, lignite and wood carbon. However, the iodine number is inconsistent with the isotherm results because low iodine number of UB has higher sorption capacity than UC. This is because the iodine number indicates the carbon's ability to sorb high-molecular weight organics in micropores having an effective radius of less than 2 mm (Eckenfelder, 2000) . The results reflect that the geosmin molecules may be unable to penetrate all the internal pores within the adsorbent particles. There are two reasons; first, the pores are too small for the geosmin to penetrate. While the pores are bigger than the geosmin, the molecules need space to allow for freedom of movement to fit inside the GAC pores. Xiaojian et al. (1991) reported that the pore size of AC should be at least three times greater than the size of substrate or enzyme to allow them to approach, orientate and induce a fit. Second, the GAC surface has oxygen-containing functional groups (such as carboxylic, phenolic, quinone and lactone groups), water molecules adsorb preferentially to these groups to form complexes and lead to the blockage of smaller pores, thereby preventing molecules of geosmin from sorption on the adsorbent. The surface oxygen formed water clusters through H-bonds around hydrophilic oxygen groups that are normally located at the edge sites of the carbon basal planes (Arafat et al., 1999) . This leads to a reduction in the accessible surface area.
The pH of solution in buffer solution equals to 7.0 for all adsorbents, hence the ionisation/dissociation of the GAC surface would be the same. The acidic functional group would be dissociated. As for the amino group of chitosan, this has a pKa of 6.3 (Yoshida et al., 1991) , approximately19.95% is R-NH 3 þ . Thus, coating of chitosan onto the GAC surfaces was found to raise the surface basicity significantly according to introduce the amino group (ÿNH 2 ) onto the carbon surfaces. This resulted in an increase of the geosmin sorption, particularly for CB. The sorption capacity of geosmin by CB is 23.571 mg/g which is approximately two-fold of UB. However, coating of chitosan on coconut shell based-GAC did not significantly increase the geosmin sorption.
Sorption mechanism
The equilibration time for geosmin coated GAC was 36 h, which was higher than uncoated GAC of 30 h. This equilibration time is nearly the time that Ng et al. (2002a) reported (20-36 h) for the geosmin adsorption on the 10-30 mesh GAC. Sorption kinetic data was processed to determine whether intraparticle diffusion is rate limiting and also to find rate the parameter for intraparticle diffusion. The initial rates of intraparticle diffusion can be obtained by linearisation of the curve q t ¼ f(t 1/2 ) ( Figure 4 ). It is known that such plots Table 1 Freundlich isotherm constants may present a two or more steps of sorption. The first portion is the external surface sorption. The second portion is the gradual sorption stage where the intraparticle diffusion is rate controlled. The third portion is final equilibrium stage where the intraparticle diffusion is slow because of the low concentration of sorbate in the solution. As the experiment provided the agitation, the external surface sorption would be very low and can be negligible. The rate of adsorption (Kads) was determined from the slope of intraparticle diffusion. In order to investigate the mechanism of sorption on chitosan, Wu et al. (2001) suggested the use of simple kinetic analysis of the pseudo-first-order and pseudo-secondorder equations for testing the experimental data of initial concentration. The pseudo-first order equation in the form:
where k 1 is the rate constant of pseudo-first-order sorption and q e donates the amount of sorption at equilibrium. The kinetic data can be obtained by plotting ln(q e 2 q t ) with the contact time and the k 1 can be computed from the slope of the straight line plot. A pseudo-second-order equation based on sorption equilibrium capacity may be expressed in the form:
Figure 4
Plot of intraparticle diffusion model for geosmin sorption on CB at different initial concentrations where k 2 is the rate constant of pseudo-second-order sorption. k 2 can be obtained from the plotting of 1/q t with contact time. Table 2 lists the calculated results. Figures 5 and 6 show the results of sorption performances of CB. Correlation coefficients for the first-order model were lower than the second-order; therefore, sorption of geosmin onto the adsorbent is a second-order reaction. It can be assumed that the sorption capacity is proportional to the number of active sites occupied on the adsorbent. Ho and McKay (1999) stated that the pseudo-second-order model based on the assumption that the rate-limiting step may be chemical sorption or chemisorption involving valency forces through sharing or exchange of electrons between sorbent and sorbate. The q e values for all of the adsorbents are high when the initial sorbate concentration increases. This is because of the increase in the active sites on the GAC, particularly for the coated GAC.
Although this study was performed with the coating of GAC by small amount of chitosan which could enhance the adsorption capacity, further work should investigate the proper regeneration methods of used adsorbent and the suitable amount of chitosan coating which will be both efficient and cost effective. Figure 5 The pseudo-first-order equation of geosmin on CB at different initial concentrations Figure 6 The pseudo-second-order equation of geosmin on CB at different initial concentrations
